CWH8/YGR036c of Saccharomyces cerevisiae has been identified as a dolichylpyrophosphate phosphatase that removes a phosphate from the dolichylpyrophosphate (Dol-PP) generated by the oligosaccharyltransferase while it adds N-glycans to nascent glycoproteins in the ER. Lack of CWH8 was proposed to interrupt the so called dolichol cycle by trapping dolichol in the form of Dol-PP in the ER lumen. Indeed, cwh8 mutants display a severe deficiency in N-glycosylation. We find that cwh8 mutants have strongly reduced levels of inositolphosphorylceramide (IPC) whereas its derivative, mannosyl- 
Introduction
Mutants in CWH8/YGR036c were obtained in a screen for calcofluor white hypersensitivity and were shown to have an altered cell wall composition (Ram et al., 1994) . Lack of Cwh8p leads to a deficiency in protein Nglycosylation whereby cwh8 cells contain only 20% of the normal amount of dolichylpyrophosphate-linked oligosaccharides so that many glycoproteins are severely underglycosylated. Thus, only a fraction of the normally glycosylated Asn-X-Ser/Thr acceptor sites in CPY or invertase are N-glycosylated. The structure of the transferred oligosaccharides is however normal (van Berkel et al., 1999) . Cwh8 accumulate dolicholpyrophosphate (Dol-PP) and have recently been shown to lack the Dol-PP phosphatase activity that converts Dol-PP into dolichylphosphate (Dol-Rft1p (Helenius et al., 2002) . The Dol cycle model is also supported by the fact that overexpression of RER2 rescues the growth defect of cwh8 (Sato et al., 1999; Fernandez et al., 2001 ). RER2 encodes the major cisprenyltransferase of yeast, the key enzyme for Dol biosynthesis (Sato et al., 1999) . The Dol cycle model suggests that cwh8 and rer2 mutants are similar in that both suffer from a relative lack of Dol-P at the cytosolic face of the ER membrane to serve as acceptor for glycosyltransferases. Interestingly, rer2 cells also show an aberrant proliferation of ER-and Golgi membranes and they fail to retain Sec12p in the ER. These phenomena were not observed in other mutants causing hypoglycosylation such as the dolicholkinase mutant sec59. This led to the speculation that Dol or one of its derivatives in addition to playing a role in protein glycosylation, may function in protein retention and organelle homeostasis (Sato et al., 1999) . (Swain et al., 2002a; Swain et al., 2002b) . Here we investigate the reason for this abnormality and try to evaluate if it is a consequence of defects in one or several glycosylation pathways or if it is a more direct consequence of the perturbation of the Dol cycle.
IPC/C (Fig. 4A ) in cwh8 cells. This suggests that PHS production is not limiting for IPC/C biosynthesis in cwh8 . Moreover, as can be seen from Fatty acid elongation, which generates C26:0-CoA, the preferred substrate of ceramide synthase ( Fig. 1 ), appears to be functioning normally in cwh8
as the TLC mobility of the remaining IPCs and of M(IP) 2 C is normal ( Fig.   2A lanes 1, 2) .
Thus, we could not detect any deficiency in the enzymes that are required to make IPC in cwh8 .
The cwh8 mutants anchor GPI proteins normally
The cessation of the Dol cycle in cwh8 ought to cause a lack of Dol-P and thereby compromise Dol-P-Man biosynthesis at the cytosolic leaflet of the ER. Dol-P-Man is required for the biosynthesis of N-and O-glycans and of GPI anchors. A reduction in GPI anchoring by itself would not be sufficient to cause a depression of IPC synthesis, because numerous gpi mutants analyzed in our lab showed normal biosynthesis of IPCs (Canivenc-Gansel et al., 1998; Meyer et al., 2000; Fraering et al., 2001 ), but a GPI deficiency could nevertheless be required for the depression of IPC levels in cwh8 cells. To assay the biosynthesis of GPI lipids in cwh8 mutants, microsomes were labeled with UDP-[ 3 H]GlcNAc (Fig. 5A) . A normal set of GPI lipids was made by cwh8 microsomes. To see if the GPI lipids are transferred onto GPI proteins at a normal rate we analyzed the GPI protein Gas1p, whose ER form migrates at 105kD and whose mature form, produced after arrival in the Golgi, migrates at 125kD by SDS-PAGE.
As long as a GPI anchor is not added to Gas1p, the protein is not packaged into COPII vesicles and not transported to the Golgi so that it accumulates as an immature 105kD form. Indeed, any significant reduction of GPI lipid biosynthesis leads to an increase of the immature 105 kD form of Gas1p (Benghezal et al., 1995) . As can be seen from Fig. 5B , the mature form of Gas1p was present in reduced amounts in cwh8 and was slightly underglycosylated. Tunicamycin (Tm) pretreatment of wt cells shows that the ER form lacking N-glycans runs at 83 kD (lane 3) while the absence of all N-and O-glycans results in a 60 kD form as seen in sec59 at 37°C. In cwh8 the zone between 105 kD and 60 kD is empty, arguing that there is no accumulation of any immature ER form, and hence no lag in GPI anchor addition. The reduction of mature Gas1p in cwh8 was consistently observed in several experiments, but it does not necessarily mean that there is a problem with GPI anchoring, since mutants affecting other Dol-P dependent reactions can lead to a similar reduction of Gas1p. Thus, as shown in Fig. 5B , Gas1p was found to be reduced in certain pmt double mutants deficient on O-glycosylation. The dolicholkinase mutant sec59, which lacks Dol-P at 37°C and has a combined N-glycosylation, Oglycosylation, and GPI anchoring defect (Heller et al., 1992) , shows equally a severe reduction of Gas1p (Fig. 5B) . The reduction of Gas1p in cwh8 mutants is not a consequence of reduction of IPC/C, since blocking IPC biosynthesis for 2 hours using aureobasidin A (AbA) (Fig. 1) does not reduce Gas1p levels (Fig. 5B ).
Remodeling of GPI anchor lipids is thought to be operated by an enzyme that is similar to the IPC-synthase Aur1p (Reggiori and Conzelmann, 1998 
Influence of O-glycosylation defects on IPC biosynthesis
Protein O-glycosylation in the ER also uses Dol-P-Man. We therefore tested whether mutations specifically affecting O-glycosylation could alter the sphingolipid profile. The pmt genes encode for ER-localized protein mannosyltransferases of partially overlapping acceptor specificity (StrahlBolsinger et al., 1999) . As shown in Table I et al., 1992 ). Yet, cwh8 make normally glycosylated Hsp150 with only small amounts being underglycosylated (Fig. 6) . Thus, it would appear that O glycosylation defects in principle can slightly depress IPC/C levels but that, in contrast to N-glycosylation, the O-glycosylation is not affected in cwh8 mutants and that an O-glycosylation defect therefore cannot explain the deficiency in IPC/C of cwh8 mutants.
Influence of the N-glycosylation defects on IPC biosynthesis
Treatment of wt cells with the N-glycosylation inhibitor tunicamycin (Tm), which specifically inhibits the transfer of GlcNAc-P onto Dol-P, induces a drastic decrease of [
increased. Therefore we also tested och1 , a mutant in which elongation of N-glycans is completely abolished (Nakanishi-Shindo et al., 1993) . The och1 cells made normal amounts of IPC/ but showed a moderate reduction of IPC/D-MIPC and a compensatory increase of M(IP) 2 C (Table   II) . IPC levels were however depressed in certain mutants having defects in the oligosaccharyltransferase such as the ost5 alg5 and in also cells depleted of Rft1p but not in others such as ost3 ost6 ( Fig. S1 and Table   II ). Analysis of the N-glycosylation status of CPY showed that the mutants having decreased IPC/C levels also had severe underglycosylation of CPY ( Fig. 7D ). Thus, it appears that a defect of IPC synthesis is not correlated with the absence of some particular structural feature of the N-glycan core, but rather maybe the consequence of severe N-underglycosylation. The correlation also holds in rer2-2, a mutant that has been reported to have a severe hypoglycosylation phenotype affecting not only N-, but also Oglycosylation and GPI anchoring (Sato et al., 1999) . As shown in Table II and Fig. 7D , the rer2-2 strain exhibited only a moderate decrease of IPC-C levels, but CPY also was less severely underglycosylated than in cwh8 .
The effects of the unfolded protein response on the sphingolipid profile
Underglycosylation and tunicamycin treatment induce an UPR (Travers et al., 2000) . Using a plasmid carrying an UPR responsive element (UPRE) in the promoter in front of lacZ we found that the UPR was indeed constitutively activated in cwh8 (data not shown). Also, secretion of Kar2p, an ER chaperone, has been recognized as a sign of UPR activation.
As shown in Fig. 8A , cwh8 cells secrete significant amounts of Kar2p,
significantly more than what is secreted by wt cells exposed to Tm or aureobasidin A. The UPR strongly induces the transcription of INO1, the rate limiting enzyme for inositol and PI biosynthesis in yeast ( Fig. 1 ) (Cox et al., 1997) . We indeed observed that cwh8 overproduce and secrete inositol, i.e. that they display the so called opi phenotype ( Figure S2 
Quantification of Aur1p in cwh8 mutants
Aur1p is an integral membrane protein with 7 membrane spanning domains and three potential N-glycosylation sites, two of which are predicted to be lumenally exposed by the program displayed at http://www.cbs.dtu.dk/services/TMHMM/. The cwh8 mutants were crossed with TLY139, a strain, in which the genomic AUR1 gene had been tagged with an HA tag. As shown in Fig. 9A , spore 8A (cwh8 ) contains as much Aur1p-HA as spore 8C (CWH8), and the Aur1p does not seem to be underglycosylated in the cwh8 background, suggesting that none of its 3 potential N-glycosylation sites is used. Also, the apparent molecular weight of Aur1p-HA was unchanged, when TLY139 (AUR1-HA) cells were grown in Tm (not shown). The spore 8A (cwh8 AUR1-HA) showed the expected defect in IPC biosynthesis (Fig. 9B) . We thus conclude that the relative lack of IPC/ biosynthesis in cwh8 mutants cannot be explained by a loss or by underglycosylation of Aur1p.
The cwh8 cells accumulate internal membranes. Electron microscopy pictures of rer2 cells, being deficient in cytosolic Dol-P as cwh8 cells, show an aberrant proliferation of ER-and Golgi membranes (Sato et al., 1999) .
Electron microscopy of cwh8 cells typically shows fragmentation of vacuoles and a discrete proliferation of internal membranes that has ERlike morphology (Fig. S4 ). Vacuolar fragmentation is equally seen using FM4-64, a compound that stains vacuolar membranes (data not shown).
This is somewhat in contrast to the morphological classification of cwh8 as class C vps mutant (Bonangelino et al., 2002) , as the presence of fragmented vacuoles would place them rather into the vps mutant class B (Raymond et al., 1992) . The accumulation of internal membranes is reminiscent of what was described for rer2-2 mutants. In our hands the accumulation of membranes in rer2-2 was not more pronounced than what was observed in cwh8 (not shown).
General properties of cwh8 mutants
For many sphingolipid biosynthesis mutants the concentrations of Ca 2+ and Zn 2+ in the medium are critical but growth of cwh8 mutants was not influenced by the presence of these cations in the medium (not shown).
Also, they are respiration competent. profile cannot be attributed to a deficiency in ergosterol biosynthesis.
Rather the abnormal sphingolipid profile seems to be caused by a defect in N-glycosylation.
Indeed the lack of CWH8 seems to affect mainly the N-glycosylation pathway, while O-gylcosylation and GPI anchoring are not or only slightly affected (Figs. 5, 6, Table I ). As pointed out before, the Nunderglycosylation could be due either to a relative lack of Dol-P at the cytosolic side of the ER membrane or to an inhibitory effect of the accumulated Dol-PP (Fernandez et al., 2001 ). However, the profile of Dollinked oligosaccharides of cwh8 (van Berkel et al., 1999) suggests that there is no inhibiton of the lumenal glycosylation reactions transforming Dol-PP-GlcNAc 2 -Man 5 into Dol-PP-GlcNAc 2 -Man 9 -Glc 3 and this finding suggests that cwh8 may rather suffer from a relative lack of cytosolic Dol-P than Dol-PP accumulation. indicates that the lack of Dol-P or the accumulation of Dol-PP do not affect sphingolipid biosynthesis directly, but they do so through the ensuing Nunderglycosylation.
If a relative lack of cytosolic Dol-P of cwh8 cells can affect only N-but no other glycosylation reactions, we also have to assume that the various pathways that depend on cytosolic Dol-P have different affinities for, or different accessibility to Dol-P. Even though only Dol-PP-GlcNAc synthesis is affected in cwh8 , the total amount of Dol-P required is significantly reduced in this mutant as each Dol-PP-GlcNAc that is not made spares the system the need of making further 4 Dol-P-Man and 3
Dol-P-Glc.
By what mechanism does N-underglycosylation depress IPC/C levels?
For the moment we speculate that severe underglycosylation leads either pointed out, the data in two earlier reports (Puoti et al., 1991; Hechtberger et al., 1994) clearly indicate that IPC and MIPC synthesis may reside in different Golgi compartments: sec7 mutants (blocking early in the Golgi) accumulate IPC but make relatively little MIPC, whereas sec14 mutants (blocking exit from late Golgi) accumulate high amounts of both. These experiments were reproduced and quantitated in this study (Table III) 
Materials and methods
All chemicals were from commercial suppliers. Tunicamycin was from Fluka. Antibody against Hsp150p was kindly provided by Marja Makarow (Helsinki), antibodies against Kar2p were a gift from Dr. Marc Rose and antibodies against CPY and the HA tag were from MOLECULAR PROBES.
Metabolic labeling of cells with [ 3 H]inositol
Cells growing in YPDUA were labeled in SDaaUA at 30°C during 2h. To 
Microsomal assays
Microsomes were prepared and labeled with UDP-[
Lipid analysis
Lipids were separated by TLC on silica gel 60 plates developed in HANCE and laid on X-Omat film (KODAK) for autoradiography. Desalted lipids were deacylated in 500µl of 33% monomethylamine (MMA) at 53°C for 2h. Lipids were detected by charring as described (Haak et al., 1997) .
Assay of ceramide synthase and IPC synthase
Ceramide synthase and IPC synthase activities were assayed in 100µl Tris buffer, pH 7.5 supplemented with 1 mM of each, ATP, GTP, CTP, GDPMan, CoA, 10mg/ml creatine phosphate, 10µg/ml creatine kinase, 
Western blotting
Washed cells were extracted as described (Kushnirov, 2000) . Proteins were separated under reducing conditions by SDS-PAGE, transferred to PVDF membranes and detected with ECL technology (AMERSHAM). Total incorporation into lipids is given for each condition (µCi). 
Tables

